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Abstract. Quantum electrodynamics (QED) predicts that electromagnetic ﬁelds
interact among each other also in vacuum. We study the possibility of experimen-
tally revealing this interaction by using soon available laser ﬁelds with intensities of
order of 1023–1026W/cm2. First, a few processes are ﬁrst reviewed where vacuum
polarization eﬀects can be detected, like laser-assisted photon-photon scattering
and the light diﬀraction by a strong standing wave. The possibility of enhancing
these eﬀects by using a plasma is also mentioned. Finally, the process of photon
splitting in a laser ﬁeld is discussed in detail together with its possible experimen-
tal observation.
1 Introduction
QED is the best-tested physical theory we have. The predictions of QED especially in atomic
and particle physics have been conﬁrmed by experiments with very high accuracy, like those on
the anomalous magnetic moment of the electron or the Lamb shift. However, most of these tests
relate to perturbative QED. This means that, from a theoretical point of view, the theoretical
predictions are based on the Dyson expansion of the S-matrix in the ﬁne structure constant
α = e2/4π ≈ 1/137 up to the required accuracy (here −e < 0 is the electron charge, natural
units with  = c = 1 are used) [1]. On the other hand, testing QED in the presence of strong
classical electromagnetic ﬁelds so far has only been successful in the case of strong Coulomb
ﬁelds, i.e. the ﬁelds created by highly-charged nuclei with charge number Z  1/α ≈ 137.
The Coulomb ﬁeld of a nucleus with Z ∼ 1/α is, at the typical QED distance λc = 1/m
(Compton length) with m being the electron mass, comparable to the so-called critical electric
ﬁeld Ecr = m
2/e = 1.3×1016 V/cm, i.e. it is able to produce electron-positron pairs in vacuum
[2]. The Coulomb ﬁeld produced by highly-charged nuclei is so strong that it has to be exactly
taken into account in the calculation of the amplitudes of diﬀerent QED processes [1]. In other
words, expanding the amplitude of a process with respect to the nuclear ﬁeld (or, more precisely,
with respect to the parameter Zα) and keeping only a few terms in the expansions leads to
inaccurate results; nonperturbative eﬀects become important and cannot be neglected. Vacuum
polarization eﬀects in strong Coulomb ﬁelds like the Delbru¨ck scattering, i.e. the scattering of a
photon by the Coulomb ﬁeld of a heavy nucleus, or photon splitting in a strong Coulomb ﬁeld
have been predicted and studied theoretically [3,4] and conﬁrmed experimentally [5,6].
Other classes of strong ﬁelds that have been considered in the literature are static and uni-
form magnetic ﬁelds. In general, from a theoretical point of view, the consistent inclusion of a
strong magnetic ﬁeld in the calculation of QED cross-sections is easier than including nuclear
ﬁelds. In fact, in the former case the vacuum is stable: spontaneous electron-positron pair cre-
ation from vacuum is forbidden by energy conservation [7]. The typical strength of a magnetic
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ﬁeld in which nonperturbative QED eﬀects become apparent is given by the so-called critical
magnetic ﬁeld Bcr = m
2/e = 4.41×1013G (see the books [8,9] for a recent review). Due to the
extremely large value of Bcr, nonperturbative QED eﬀects in the presence of strong magnetic
ﬁelds can signiﬁcantly occur only in astrophysical environments like around highly magnetized
neutron stars [10–12].
Nowadays, strong lasers are opening up important perspectives in diﬀerent ﬁelds. For
example, available table-top multiterawatt lasers are employed to create new x-ray and even
γ-ray radiation sources [13] as well as to accelerate electrons, protons and ions to high ener-
gies [14]. Moreover, theoretical proposals have been already put forward to reach the critical
electric ﬁeld value Ecr = 1.3 × 1016 V/cm by focusing the high-order harmonics generated in
the reﬂection of a strong laser beam by a plasma surface [15]. Laser ﬁelds have clearly a very
diﬀerent nature with respect to the static and uniform magnetic ﬁelds and to the Coulomb
ﬁelds. For this reason they provide a unique tool for testing QED in the nonperturbative
regime in the presence of space-time-dependent ﬁelds. In the present paper we will mainly
consider processes in which the laser ﬁeld intensity is much lower than the critical intensity
Icr = E
2
cr/8π = 2.3× 1029 W/cm2. In fact, the strongest laser ﬁeld ever produced in a labora-
tory has an intensity of “only” 7 × 1021 W/cm2 and has been obtained by focusing a 45-TW
Ti-Sapphire laser beam onto a volume with a typical length of the order of the laser wavelength
λ = 800 nm [16]. In general, below the critical ﬁeld, spontaneous pair creation in vacuum is
exponentially suppressed and completely negligible [17]. However, vacuum manifests nonlinear
properties due to the continuous creation and annihilation of virtual electron-positron pairs.
Photon-photon scattering [18] represents the vacuum nonlinearity at lowest order in the ﬁeld
of two photons. The nonlinear electromagnetic properties of quantum vacuum in the presence
of strong laser ﬁelds are attracting the interest of a large physical community. Numerous recent
publications are devoted to the possibility of experimentally detecting some eﬀects of vacuum
nonlinearity [19–26] (see also the recent reviews [27–29]). So far, the only successful experimen-
tal test of vacuum nonlinearity has been achieved in the production of electron-positron pairs
in the collision of a high-energy electron beam with a strong laser pulse [30].
In the following we will ﬁrst mention the possibility that due to the vacuum nonlinearity,
harmonics of the lasers are created in vacuum in the collision of two equal strong laser beams:
the photon-photon scattering would be the lowest order process in which two laser photons in-
teract and only change their propagation directions. Then, we will also mention how important
it is to take into account the focusing of strong laser ﬁelds when describing their interaction in
vacuum (as we will see, this interaction is qualitatively similar to the standard light diﬀraction
by an aperture). Moreover, the possibility of enhancing the eﬀects of vacuum polarization by
employing a cold high-density plasma is shortly reviewed. Finally, the process of photon split-
ting in a laser ﬁeld is discussed in more detail. Photon splitting cannot occur in vacuum due
to the fact that QED is charge-parity invariant [1]. However, as we have already mentioned, if
an external ﬁeld, e.g. a Coulomb or a magnetic ﬁeld, is present this process is allowed. Apart
from the above mentioned calculations of photon splitting in the presence of a Coulomb ﬁeld
and of a magnetic ﬁeld, the photon splitting process has also been considered in the presence
of a crossed ﬁeld (a constant electromagnetic ﬁeld with the electric and magnetic ﬁelds having
the same strength and being perpendicular to each other) [31]. This case is relevant because a
strong, low-frequency laser ﬁeld (more precisely such that the parameter ξ = eE/mω is very
large, with E and ω being the laser amplitude and frequency, respectively) can be approximated
by a crossed ﬁeld. It is interesting to observe that the kinematics of photon splitting depends
essentially on the structure of the external ﬁeld. The most complicated situation occurs in
the presence of a Coulomb ﬁeld, where the wave vector k1 of the initial photon and the wave
vectors k2 and k3 of the ﬁnal ones are, in general, not coplanar. In a constant and uniform
electromagnetic ﬁeld, all the initial and ﬁnal photons propagate almost in the same direction
(up to nonzero photon mass due to the polarization of vacuum in the ﬁeld). In a laser plane
wave the initial and ﬁnal photons are coplanar in the frame where the laser wave and the initial
photons are counterpropagating. These features can be easily deduced from energy-momentum
conservation.
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The paper is organized as follows. In the next section, vacuum-harmonic generation, light
diﬀraction by a strong standing wave and the enhancement of vacuum polarization eﬀects in a
plasma are shortly reviewed. In section 3, the photon splitting process in a linearly polarized
monochromatic laser ﬁeld is discussed and ﬁnally, in section 4, the main conclusions are drawn.
2 Vacuum polarization eﬀects in strong laser beams
As we have mentioned, we will consider here a few processes arising from the nonlinearity of
vacuum in the presence of a strong electromagnetic wave.
2.1 Vacuum high-order harmonic generation
Atomic high-order harmonic generation is a well-known process. Its general features can be
qualitatively understood by means of the so-called three-step model: the bound electron in
the presence of the laser ﬁeld tunnels to the continuum, moves freely in the laser ﬁeld and
then recombines with the parent ion, emitting radiation [32]. Something similar can happen
in vacuum when causing two strong laser beams to collide [23]. In fact, the virtual electron-
positron pairs present in the vacuum can absorb a large number of laser photons and then
annihilate and emit only a few high-energy photons. In the situation we have considered in
[23], two equal laser beams are caused to collide head on and, in this case, it is possible to
show that odd and even harmonics of the laser are produced in vacuum. In order to prime the
nonperturbative process of high-order harmonic generation in vacuum, lasers of an intensity
comparable to Icr are required. In this case, it can be shown that a wide plateau of harmonics
is produced with a cut-oﬀ approximately at
√
eE, with E being the laser amplitude. At laser
intensities much lower than Icr the production of high harmonics is strongly suppressed. In
this case, that corresponds to the actual experimental situation, only the production of the
ﬁrst harmonic is observable. This process corresponds to the scattering of two laser photons
that only change their propagation direction. In order to signiﬁcantly increase the number of
photons scattered, a third “assisting” laser can be shown in the collision region. As a result, it
has been shown that the “laser-assisted” photon-photon scattering can be observed in principle
by using present-day lasers with a power of the order of 100 TW [23].
2.2 Light diﬀraction by a strong standing wave
It is not surprising that, due to the polarization of vacuum, the presence of a strong laser beam
in vacuum modiﬁes the propagation of a probe beam that passes through it. In the description
of this kind of interaction, the so-called refractive-index approach is usually employed, i.e.
the region of space where the strong ﬁeld is present is described as a dielectric material with
refractive indices diﬀerent from unity. The refractive indices can be calculated according to
QED and depend on the mutual polarization of the strong and the probe beam [9]. However,
the concept of refractive index is a concept valid for macroscopic interaction lengths l such
that l2  λd with λ being the wave wavelength and d the distance between the interaction
region and the detector. Now, in order to obtain a strong ﬁeld with an intensity such that
QED processes become manifest, it is necessary to focus the laser beam into a microscopic
region with a linear extension of the order of 1µm (it is understood that an optical ﬁeld is
used to polarize the vacuum). We have shown in [25] that when a probe electromagnetic beam
passes through a strong laser beam, the refractive-index approach breaks down. In fact, the
probe beam is “diﬀracted” by the strong laser beam so that it is not possible to describe
the strong laser as a dielectric medium. The theoretical predictions of the two approaches
are diﬀerent both qualitatively and quantitatively. For instance, the refractive-index approach
predicts that after passing through an optical standing wave, a linearly polarized x-ray probe
beam should become elliptically polarized and the main axis of the ellipse lies along the initial
probe polarization direction. The diﬀraction theory predicts that in addition, the main axis
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of the ellipse is rotated with respect to the initial probe polarization [25]. The quantitative
predictions of the two theories are very diﬀerent as well. In fact, the approximated refractive-
index approach overestimates by more than one order of magnitude the eﬀects on the ellipticity
acquired by the probe after the interaction. As the the experimental detection of this process of
light-by-light diﬀraction, we have estimated the eﬀect by employing the following parameters.
We have considered an optical laser beam with parameters available in the near future at the
Extreme Light Infrastructure (ELI): ω = 1 eV and intensity I ≈ 1025–1026 W/cm2 [33]. The
wavelength of the x-ray probe beam is set to 0.4 nm. Finally, by assuming the strong ﬁeld to
be focused to the diﬀraction limit and by using the diﬀraction theory we obtain an ellipticity
and a polarization rotation angle of the order of 10−6–10−5 rad. Those very small values are
already measurable nowadays in the x-ray regime [34] even though this proves a very challenging
experiment. More details about the experimental aspects of this process can be found in [25].
2.3 Enhancement of vacuum polarization eﬀects in a plasma
It is clear from the foregoing discussion that in order to observe vacuum polarization eﬀects, very
intense laser ﬁelds are required. Is there a way to enhance these eﬀects at a ﬁxed laser intensity?
We have found a positive answer to this question by considering the propagation of a strong laser
ﬁeld through a cold plasma. Since the wave intensity is supposed to be about 1022–1023 W/cm2,
the plasma is highly relativistic and completely ionized. If we assume for simplicity that the
plasma is homogeneous and that a two-ﬂuid (electron and ion ﬂuids) description of the plasma
can be used (cold plasma approximation), it is then possible to show that, by accounting for
vacuum polarization, in the presence of a circularly polarized plane wave the plasma refractive





















is the plasma relativistic refractive index experienced by the circularly polarized wave in the
absence of vacuum polarization eﬀects [36], with ωpl,e/i being the plasma frequencies and γe/i
the relativistic Lorentz factors of the electrons and the ions in the plasma (due to the high laser
intensities the motion of the ions has to be taken into account, too).
From another side, if we apply the refractive index approach in vacuum in the presence of
a strong electric ﬁeld with amplitude E, the typical expression of the vacuum refractive index
then is [9]






Thus, it is evident that the presence of the plasma allows for considering situations in which
n0,pl  1 and the refractive index of the plasma would scale as the square root of the vacuum
correction. By exploiting the peculiar behaviour of the plasma in the presence of a wave with a
frequency near the plasma frequency, i.e. at n0,pl  1, an enhancement of vacuum polarization
eﬀects of more than one order of magnitude has been predicted theoretically in [35]. In the
same paper other aspects of the problem are addressed, like the presence of collisions between
electrons and ions which can be determinant in the regime of laser frequencies slightly above
the plasma frequency. Experimental issues like plasma stability and other related processes are
discussed as well.
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Fig. 1. The geometry of the collision of a photon beam with energy ω1 with a strong laser ﬁeld
whose photons have four-momentum (ω,k). Due to energy-momentum conservation all the initial and
ﬁnal photons propagate in the same plane. The outgoing photons resulting from the splitting can be
characterized by their energies ω2 and ω3 and by their propagation angles ϑ2 and ϑ3, respectively.
3 Photon splitting in a laser ﬁeld
In this section we study the QED process of photon splitting in a laser ﬁeld [37]. The geometry
of the collision is sketched in Fig. 1. We assume without loss of generality that the initial photon
and the laser beam are counterpropagating along, say, the z axis. Due to energy-momentum con-
servation, the two outgoing photons lie in a plane together with the laser propagation direction
and the initial photon direction. As a general consideration, we expect that the amplitude of










where ω1 is the energy of the initial photon. The parameter κ is half of the square of the total
energy of the initial photon and of a laser photon in their center-of-momentum system. Instead,
the parameter χ is the so-called quantum intensity parameter responsible for the magnitude of
the nonperturbative eﬀects induced by the strong laser ﬁeld.
The amplitude M of the photon-splitting process of a real photon with four-momentum
kµ1 = (ω1,k1) into two real photons with four-momenta k
µ
2 = (ω2,k2) and k
µ




d4xTr〈x|e−i(k1x) eˆ1G[A]ei(k2x) eˆ∗2G[A]ei(k3x) eˆ∗3G[A]|x〉+ (k2 ↔ k3 , e2 ↔ e3) , (5)
where eµi with i = 1, 2, 3 are the polarization four-vectors of the initial and ﬁnal photons and
where
G[A] = 1
γµ(i∂µ + eAµ(x))−m+ i0 (6)
is the dressed electron propagator in a laser ﬁeld with four-potential Aµ(x) [37]. In order to
include the presence of the strong laser we have used the so-called Furry picture in which the
laser ﬁeld is exactly included in the free Hamiltonian of the electron-positron ﬁeld, giving rise
to the Volkov states as one-particle electron and positron states [1]. The explicit evaluation of
the amplitude (5) is cumbersome but it can be performed by employing the operator technique
developed in [38,39]. The details of this calculations can be found in [37] where the expression of
the amplitude has been calculated for any plane wave arbitrarily polarized. Below, we give the
expressions of the diﬀerent amplitudes in the simpler case of a linearly polarized, monochromatic
laser ﬁeld and in the parameter region where ξ = χ/κ 1, with χ being ﬁxed (this implies that
152 The European Physical Journal Special Topics
the parameter κ is assumed to be much smaller than unity). This case corresponds physically, for
example, to a strong optical laser ﬁeld like that expected at the ELI facility [33]. It is interesting
to observe that if the laser ﬁeld were circularly polarized then, due to the conservation of the
component of the total angular momentum along the propagation direction and to the fact that
all the laser photons have the same elicity, only one or three photons could be absorbed from
the laser [37]. This is true in the parameter region we are considering here because the energy
of the laser photons is very small (more precisely, κ  1) and so that the ﬁnal photons are
almost collinear to the initial high-energy photons. If the laser ﬁeld is linearly polarized, then
the total (laser ﬁeld plus photon ﬁeld) angular momentum is again conserved, but the laser
photons have no deﬁnite elicity and any number of laser photons can be absorbed in this case.
However, we stress that due to the Furry theorem only an odd number of laser photons can
be absorbed [1]. We indicate as Mn,ijk the amplitude corresponding to the photon splitting
of a photon with polarization i into two photons with polarizations j and k respectively with
i, j, k ∈ {1, 2} and with absorption of n laser photons. It can be shown that at leading order in
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2z1z2z3 − ν2ν3(1 + t21)z1 + ν2(1 + t22)z3 + ν3(1 + t23)z2
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du [1− 2u(1− u)]e−i(s+ψ1)D(1)n (ψ1),
(8)
with Jn(y) being the ordinary Bessel functions [40] and where
z1 = 2x1(x2ν2 + x3ν3) + 2x2x3 − 1, z2 = 2x1(−x2ν2 + x3ν3)− 2x2x3 + ν2,
z3 = 2x1(x2ν2 − x3ν3)− 2x2x3 + ν3, xj = sj
S












ν2χ2u2(1− u)2s3, S = s1 + s2 + s3.
(9)
The amplitudes Mn,221 are also diﬀerent from zero and they are obtained from Mn,212 by
the replacement ν2 ↔ ν3, where ν2,3 = (kk2,3)/(kk1), with kµ = (ω, 0, 0, ω) being the four-
momentum of the laser photons. We note that the above expressions hold for arbitrary values
of the parameter χ and exhibit a nonperturbative dependence on the laser parameters.
CEWQO 2007 153
As we have mentioned, in the case of a circularly polarized laser ﬁeld, only one or three laser
photons can be absorbed from the laser ﬁeld. The expressions of the corresponding amplitudes
are given in [37]. Starting from Eq. (7) one can calculate the diﬀerential rate dW˙n, ijk of photon
splitting events of a photon with polarization i into two photons with polarizations j and k




|Mn, ijk|2 dν2 dφ , (10)
where φ is the angle between the vector k2⊥ = −k3⊥ and the x axis. In these formulas the
perpendicular direction refers to the components of vectors in the plane perpendicular to the
laser propagation direction, i.e. the z-direction. We now shortly discuss the possibility of an
experimental observation of photon splitting in a laser ﬁeld. Photon splitting in a strong atomic
ﬁeld has already been observed [6]. We consider here the same experimental scheme as employed
in [6]. In this experiment, the initial photon beam was a tagged photon beam in order to reduce
the background generated by other competing processes like, for example, double Compton
scattering oﬀ the experimental equipment. By using the parameters envisaged at the ELI facility
(ω = 1 eV, I = 1026W/cm
2
), we obtain the total rate W˙ =
∑
n, i,j,k W˙n, ijk ≈ 109 s−1. One
cannot employ too large a value of the initial photon energy ω1. In fact, the angular separation
between the ﬁnal photons is proportional to 1/
√
ω1. Moreover, a minimum distance of order
of 1 cm is necessary to detect the two ﬁnal photons separately in a calorimeter. In the above
example, we used ω1 = 50 MeV in such a way that a separation of 1 cm is obtained roughly
after 70 meters. It is interesting to observe that the rate obtained is quite large. However, the
ﬁnal number of photon splitting events is determined by the laser pulse duration (that is much
shorter than the photon beam temporal duration) and by the overlapping between the laser and
the photon beam. Now, the laser pulse duration expected at ELI is about 10 fs and the laser
repetition rate is 1Hz. Moreover, the typical revolution frequency of the electron bunch in the
accelerator used to produce the tagged photons by Compton backscattering is 1MHz. Hence, a
typical total ﬂux of tagged photons of 108 photons per second [41] corresponds roughly to only
100 photons per laser pulse. If all these photons pass through the laser beam, we obtain about
ten events per hour. However, the transverse beam size of the tagged photon beam (∼1mm2)
is much larger than that of a focused optical laser (∼10µm2), so that the reduction due to the
overlap between the two beams is very large.
From the foregoing discussion we conclude that the scheme used in [6] is not suitable to
observe photon splitting in a laser ﬁeld. This could also have been expected. In fact, in the case
of photon splitting in an atomic ﬁeld the target is a piece of material (like bismuth, for example)
that is always there and all the tagged photons inevitably hit it. On the other hand, in our
case the “target” is present in a very small spatio-temporal interval and only a few high-energy
photons can hit it. The spatio-temporal dimensions of the laser beam are directly related to the
necessity of having a very intense beam and we cannot improve our estimations in this aspect.
On the other hand, a tagged photon beam is required as the energies of the two ﬁnal photons
are measured at the same time and the sum of them has to be equal to the initial photon energy
(the energy absorbed from the optical laser is of course negligible). Now, the tagging is necessary
because the electrons circulating in an accelerator show a relatively large transverse betatron
motion that renders the backscattered photon beam non-monochromatic. One possibility to
improve this aspect has been already discussed in [42], where the electrons coming from the
undulator of an x-free electron laser can be used to produce almost monochromatic high-energy
initial photons, without the necessity of tagging. In this way, photon ﬂuxes up to 1011 photons
per second are envisaged, leading in the above example to 104 photon splitting events per hour.
Another improvement implicit in this scheme is the much smaller photon beam dimensions than
when an electron beam coming from an accelerator is employed.
4 Conclusions
In this paper we have reviewed a few processes involving strong laser beams and their interac-
tion in vacuum due to the polarization of vacuum itself. We have seen that by employing strong
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laser beams with power already available, the elusive process of photon-photon scattering can
eventually be measured, at least in principle. The importance of taking into account the dif-
fractive eﬀects in the interaction between a probe beam and a strong optical beam has also
been pointed out. These eﬀects are neglected in the refractive-index approach usually employed
but they have been shown to be quantitatively and qualitatively relevant. Moreover, we have
stressed how the peculiar properties of a plasma near the plasma frequency lead to an enhance-
ment of the eﬀects of vacuum polarization. Finally, the process of photon splitting in a laser ﬁeld
has been considered in more detail. This is a very interesting process, oﬀering the possibility of
testing QED in the presence of a strong laser ﬁeld in a nonperturbative regime. However, the
photon sources available today are not suitable because they provide photon beams with low
ﬂuxes and with dimensions much larger than those of a strong focused laser beam. However, we
have seen how new sources of monochromatic high-energy photons could be used in the future
to observe photon splitting in a laser ﬁeld.
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